A robust and reliable method was developed to measure resistant starch (RS), i.e., starch that enters the large intestine. In vivo conditions were reflected as much as possible while a user-friendly format was maintained. Parameters investigated included a-amylase concentration, pH of incubation, maltose inhibition of a-amylase, the need for amyloglucosidase inclusion, the effect of shaking and stirring on determined values, and problems in recovering and analyzing the RS-containing pellet.
is calculated by subtracting the sum of RDS plus SDS from total starch. Although the method can yield useful information, it is very laborious and gives poor reproducibility without extensive training of the analyst (7) . Furthermore, accuracy is severely hampered by the fact that, with samples containing high levels of starch with low RS content, one large analytical value is subtracted from another large value; in fact, the errors in the measurement may be as large as the RS value, for example, materials with approximately 70% starch and 2% RS.
By the early 1990s, the physiological significance of RS was fully realized. Several new and modified methods for its measurement were developed during the European research program EURESTA (6, 8) . The Champ (8) method was based on modifications to the method of Berry (2) , and gave a direct measurement of RS. Basically, sample size was increased from 10 to 100 mg; the sample was digested with pancreatic α-amylase only, that is, not pancreatic α-amylase plus pullulanase, as used by Englyst et al. (1) and Berry (2) , and incubations were performed at pH 6.9 [pH 5.2 was used by Englyst et al. (1) and Berry (2) ]. RS determinations were performed directly on the pellet.
Muir and O'Dea (9) developed a procedure in which samples were chewed, treated with pepsin, and then with a mixture of pancreatic α-amylase and amyloglucosidase (AMG) in a shaking water bath at pH 5.0 and 37°C for 15 h. The residual pellet (containing RS) was recovered by centrifugation, washed with acetate buffer by centrifugation, and the RS was digested by a combination of heat, dimethyl sulfoxide DMSO, and thermostable α-amylase treatments.
More recently, these methods have been modified by Faisant et al. (10) , Goni et al. (11) , Akerberg et al. (12) , and Champ et al. (7) . These modifications included changes in enzyme concentrations, types of enzymes used (all used pancreatic α-amylase, but pullulanase was removed and, in some cases, replaced by amyloglucosidase), sample pretreatment (chewing), pH of incubation, and addition (or not) of ethanol after the α-amylase incubation step. All of these modifications will have some effect on the determined level of RS in a sample.
In developing the current modified method for the measurement of RS, our aim was to provide a robust and reliable method that (as much as feasible) reflects in vivo conditions and yields values that are physiologically significant (i.e., measure the starch that enters the large intestine). To do this, we studied the effect of concentration of pancreatic α-amylase, the pH of incubation, the importance of maltose inhibi-tion of α-amylase, the need for amyloglucosidase inclusion, the effect of shaking and stirring on determined values, and problems in recovering and analyzing the RS-containing pellet. Amyloglucoside (E-AMGDF; EC 3.2.1.3), fungal α-amylase (E-ANAAM; EC 3.2.1.1), and maltase (E-MALTS; EC 3.2.1.20) were from Megazyme (Megazyme International Ireland Ltd., County Wicklow, Ireland). Industrial methylated spirits (IMS) were obtained from Lennox Lab Supply (Dublin, Ireland) . This is a mixture of ethanol and methanol (95 + 5%) and some butanol. In this study, IMS can be replaced by laboratory grade (95-99%) ethanol.
Experimental

Materials
(b) Substrates and reagents.-Ceralpha; α-amylase assay kit (K-CERA), amyloglucosidase assay reagent (R-AMGR3), Amylazyme tablets (T-AMZ200), and glucose assay kit (K-GLUC; based on glucose oxidase/peroxidase/4-amino antipyrine) were from Megazyme. p-Nitrophenyl-α-glucopyranoside (N-1377) was from Sigma.
( Canned beans were recovered on a food strainer and washed with water. They were then minced with a standard mechanical meat mincer (Porkert, Czech Republic) with a 4.5 mm screen. Part of this material was analyzed directly, and the remainder was lyophilized before analysis. The lyophilized material was milled to pass a 1.0 mm screen, using a Fritsch pulverisette 14 mill before analysis.
The moisture content of all samples was determined by AOAC Method 925. 10 (13) . Total starch contents of samples 
Measurement of Enzyme Activities
α-Amylase was routinely assayed using Ceralpha reagent containing end-blocked p-nitrophenyl maltoheptaoside in the presence of excess thermostable α-glucosidase (15; AOAC Method 2002.01). Unless otherwise stated, all activities reported here are in Ceralpha Units (CU). The crude pancreatic α-amylase used had an activity of 3.0 CU/mg. α-Amylase activity was also measured on soluble starch by a modification (15) of the Nelson-Somogyi reducing sugar procedure (14) . AMG assays were routinely performed using AMG assay reagent (16; p-nitrophenyl β-maltoside in the presence of excess quantities of β-glucosidase). Activity was also measured on soluble starch using the Nelson-Somogyi reducing sugar method (14) as previously described (15) . One unit is the amount of enzyme required to release 1 µmol glucose per min from soluble starch under the defined assay conditions (pH 4.5, 40°C). Unless otherwise stated, all activities are reported here as units (U)/mL on soluble starch. The pH activity of α-amylase was determined by suitably diluting pancreatic α-amylase in appropriate buffer [pH 5.2 (buffer D), 6.0 (buffer A), or 6.9 (buffer B)] and performing the assay with Ceralpha reagent. The pH stability was determined by preincubating enzyme at 10-fold the required concentration for assay at 4 or 37°C for up to 24 h. The enzyme was then diluted 10-fold in buffer B and assayed with Ceralpha reagent. The pH activity of AMG was determined by suitably diluting the enzyme in buffers A-D (pH 4.5-6.9) and assaying activity using AMG assay reagent (16) . The pH stability was determined by preincubating enzyme at 10-fold the concentration required for assay at 4 or 37°C for up to 24 h. The enzyme was then diluted 10-fold in buffer C and assayed using AMG assay reagent. Protease activity was assayed with Azo-Casein (Megazyme Cat. No. S-AZCAS), and activity was determined by reference to a standard curve (15, Megazyme Technical Booklet AZCAS 2/99). and the tubes were centrifuged at 3000 rpm (ca 1000 × g) for 10 min. Supernatants were carefully decanted and the pellets were suspended in 2 mL 50% IMS with vigorous mixing on a Vortex mixer. Another 6 mL 50% IMS was added with mixing, and the tubes were again centrifuged at 3000 rpm for 10 min. This suspension and centrifugation step was repeated once more. The supernatants were carefully decanted and the tubes were inverted on absorbent paper to drain excess liquid. All tubes were covered with Parafilm ® and stored at 4°C until ready for analysis of RS content. This basic format was modified to include variations in (1) concentration of pancreatic α-amylase (5-20 mg/mL); (2) incubation time (1-30 h); (3) stirring speed (120, 260, and 500 rpm); (4) incubations in buffer B (pH 6.9) with exclusion of AMG, and replacement by an equal volume of buffer B (Assay Format A); and, (5) with wet samples (e.g., minced beans), the sample weight increased to 500 mg.
Determination of Resistant
(b) Shaking method (Assay Format D).-Screw-cap tubes (Corning culture tubes, 16 × 125 mm) containing sample (100 + 5 mg, weighed accurately) were treated with 4.0 mL pancreatic α-amylase (10 mg/mL) containing AMG (3 U/mL) in buffer A (pH 6.0), tightly capped, mixed on a Vortex mixer and incubated at 37°C with continuous shaking (200 strokes/min) in a Grant shaking water bath OLS 200 for 16 h. (Note: For linear motion, a setting of 100 on the water bath is equivalent to 200 strokes/min; 100 forward and 100 reverse.) Tube caps were removed and contents were treated with 4.0 mL IMS (99%) with vigorous mixing. (It is essential that all sample attached to the side of the tube is dislodged in these stirring and washing steps.) Tubes were centrifuged at 3000 rpm (ca 1000 × g) for 10 min with caps removed. Supernatants were carefully decanted and the pellets were suspended in 2 mL 50% IMS with vigorous mixing on a Vortex mixer. Another 6 mL 50% IMS was added with mixing and the tubes were again centrifuged at 3000 rpm for 10 min. This suspension and centrifugation step was repeated once more. Supernatants were carefully decanted and tubes were inverted on absorbent paper to drain excess liquid. All tubes were recapped and stored at 4°C until ready for analysis of RS content.
This basic format was modified to include variations in (1) concentration of pancreatic α-amylase (5-20 mg/mL); (2) incubation time (1-30 h); (3) shaking speed (140, 200, and 260 strokes/min); (4) incubations in buffer B (pH 6.9) containing pancreatic α-amylase (5-20 mg/mL) but no AMG (Assay Format C); and (5) with wet samples (e.g., minced beans), sample weight increased to 500 mg. When a pepsin pretreatment step was included, samples were treated with 2 mL 0.2M KCl/HCl buffer (pH 1.5) containing pepsin (2 mg/mL) at 37°C for 1 h. The sample was then treated with 4 mL buffer A containing pancreatic α-amylase (10 mg/mL) and AMG (3 U/mL) as per the standard format. The reaction was terminated with 6 mL IMS.
(c) Measurement of RS.-A magnetic stirrer bar (5 × 15 mm) was added to each tube and the tubes were placed in a test tube rack in an ice-water bath over a magnetic stirrer. With the stirrer turned on, 2 mL 2M KOH was added to each tube and the slurry was stirred for 20 min. Each tube (one at a time) was treated with 8 mL 1.2M sodium acetate buffer (pH 3.8; buffer E) and then immediately with 0.1 mL AMG (3200 U/mL) with vigorous stirring on a Vortex mixer. After addition of the acetate buffer, the pH should be ca 4.7-5.0. The tubes were then placed in a water bath at 50°C for 30 min. If samples contained >10% RS, the solution was quantitatively transferred to a 100 mL volumetric flask (using a water wash bottle) and diluted to volume with water, and an aliquot was centrifuged at 3000 rpm for 10 min. If the RS content was <10%, tubes were directly centrifuged at 3000 rpm for 10 min (no dilution). For such samples, the final volume in the tube was 10.3 mL; however, this volume will vary depending on the sample being analyzed. Aliquots (0.1 mL, in duplicate) of either diluted or undiluted supernatants were treated with 3.0 mL glucose oxidase/peroxidase (GOPOD) reagent and incubated at 50°C for 20 min. Reagent blank solutions contained 0.1 mL 0.1M sodium acetate buffer, pH 4.5 (buffer C) and 3.0 mL GOPOD reagent. Glucose standards (prepared in quadruplicate) contained 0.1 mL glucose (1 mg/mL) and 3.0 mL GOPOD reagent. After incubation at 50°C for 20 min, the absorbance of each solution was measured at 510 nm against the reagent blank.
(d) Measurement of solubilized starch.-Total starch content of samples was routinely determined using AOAC Method 996.11 (13) . However, it was also determined as the sum of RS and the starch that is solubilized and hydrolyzed to glucose in Assay Formats B and D. The quantity of solubilized starch was determined by pooling the supernatants (original and washes) obtained by centrifugation, diluting to 100 mL with water, and analyzing for glucose on 0.1 mL aliquots, as above. For determination of solubilized starch in material other than pure starch samples, the sample must first be prewashed (twice) with 8 mL aqueous IMS (80%, v/v) before the pancreatic α-amylase/AMG treatment step to remove glucose, sucrose, and other sugars. The sample is suspended in aqueous IMS at room temperature, stirred on a Vortex mixer, and recovered by centrifugation at 3000 rpm for 10 min. After the second centrifugation, all free liquid is carefully removed, and the sample is then subjected to treatment by pancreatic α-amylase/AMG, as per the standard RS assay formats. where ∆E = absorbance (reaction) read against the reagent blank; F = conversion from absorbance to micrograms = 100 (µg glucose)/absorbance of 100 µg glucose; 100/0.1 = volume correction (0.1 mL taken from 100 mL); 1/1000 = conversion from micrograms to milligrams; W = dry weight of sample analyzed [= "as is" weight × (100-moisture content)/100]; 100/W = factor to present starch as a percentage of sample weight; 162/180 = factor to convert from free glucose, as determined, to anhydroglucose as occurs in starch; 10.3/0.1 = volume correction (0.1 mL taken from 10.3 mL) for samples containing 0-10% RS where the incubation solution is not diluted and the final volume is 10.3 mL.
Results and Discussion
Numerous methods have been developed for the in vitro measurement of RS. In many cases, but not all, there has been an attempt to relate the in vitro results to those obtained from in vivo studies on human or nonhuman subjects. In the development of these procedures, several key parameters have been considered, such as sample preparation (milling, mincing, or chewing); sample pretreatment (pepsin pretreatment at pH 2.0 to simulate stomach conditions); incubation conditions (stirring/shaking, pH, temperature, time, and enzyme mixtures).
In the current study, we critically evaluated most of the above parameters and estimated their effect on the determined level of RS in samples. Much of the preliminary work was performed on 2 samples: high amylose maize starch (HAMS) and regular maize starch (RMS). Prototype methods were then applied to a range of commercially available RS samples and food materials containing RS. The ultimate aim was to develop a robust, user-friendly method that will yield results in line with those obtained from in vivo studies.
Many methods developed for the measurement of RS are based on incubation of samples with pancreatic α-amylase at pH 5.0-5.2. From a physiological point of view, the reasons for using such a low pH are not clear. The pH in the ileum is about 7.0, which also is the optimal pH for activity of pancreatic α-amylase. Our studies show that the relative activity of pancreatic α-amylase at pH 6.9, 6.0, and 5.2 is 100, 77, and 8.3%, respectively. Of even greater relevance is the stability of this enzyme at these pH values. As shown in Figure 1 , pancreatic α-amylase at 37°C is quite unstable at pH 5.2, with >95% inactivation within 1 h. At pH 6.9 and 6.0, the enzyme is much more stable, with 40% inactivation in 6 h at pH 6.9 (37°C) and 78% at pH 6.0. Even at 4°C, the enzyme is quite unstable at pH 5.2. In methods where a pH of 5.0-5.2 was used, this was obviously done to facilitate the action of AMG, which has an optimal pH for activity of about 4.5. At pH 6.9, this enzyme has insignificant activity, and thus it serves no purpose to add it to the reaction mixture, for example, in the methods of Champ (8) or Goni et al. (11) . The relative activity of AMG at pH 5.2, 6.0, and 6.9 is 100, 20, and 4%, respectively. AMG shows no loss in activity on storage at pH 6.0 for 16 h at 37°C and only 30% loss at pH 4.5. Therefore, in the current experiments when AMG was added to the incubation mixtures, the incubation pH used was 6.0. At this pH, both AMG and pancreatic α-amylase are quite active and relatively stable. AMG is included in the incubation mixtures to catalyze the hydrolysis to glucose of the soluble starch fragments and maltodextrins produced on hydrolysis of starch by pancreatic α-amylase. This removes the potential inhibitory effect of maltose on pancreatic α-amylase and ensures that soluble starch fragments are not precipitated by alcohol if this is used to terminate the incubation. If alcohol is not used to terminate the reaction, for example, the procedure of Goni et al. (11), then precipitation of soluble starch fractions is not a consideration, as these are removed by centrifugation and decantation. However, problems associated with the inhibition of pancreatic α-amylase by maltose may still be relevant.
It is generally considered that, in performing RS analyses, incubation slurries should be shaken, not stirred. However, experimental data confirming this assertion are not readily available. To study this effect in detail, we performed parallel "stirring" and "shaking" experiments. For the stirring experiment, tube contents were stirred with a magnetic stirrer bar on a Variomag Telemodul 40S at a range of settings (120, 260, and 500 rpm). Shaking experiments were performed in a Grant Instruments shaking water bath OLS 200, with tubes attached horizontally in the bath and aligned in the direction of motion. Shaking speeds varied from 140 to 260 strokes/min (instrument settings of 70-130 revs/min), but a speed of 200 strokes/min was routinely used. Figure 2 shows the effect of the concentration of pancreatic α-amylase and incubation time on the determined RS value of RMS and HAMS as obtained using the stirred-tube format (Format B). Clearly, the values obtained at the 3 concentrations of enzyme used (5, 10, and 20 mg/mL) are very similar for both starch samples and at each incubation time. Thus, a concentration of 10 mg/mL was chosen for all further experiments. This preparation of pancreatic α-amylase had an activity of 3 CU/mg at pH 6.9 and 40°C.
Most published methods for RS measurement use AMG in combination with pancreatic α-amylase; AMG is added to ensure complete hydrolysis of soluble starch fragments and maltosaccharides to glucose. Because the AMG can theoretically attack RS and result in underestimation of this component, experiments were performed to study this effect and to optimize the concentration of the enzyme used in the assays. The effect of added AMG on the measured level of RS in RMS and HAMS is shown in Figure 3 . It is evident that a concentration of AMG of approximately 8 U/test is required for complete hydrolysis of soluble starch fragments to glucose. With HAMS, the addition of 8 U AMG per test resulted in a drop in the measured RS level from 47 to about 37%. As the level of AMG is increased to 30 U/test, the measured RS level remained approximately the same. The drop in the measured level of RS on addition of 8 U/test of AMG could be due to any combination of 3 effects, namely, the hydrolysis of maltose and thus the removal of its inhibitory effect on pancreatic α-amylase; hydrolysis of high degree of polymerization (DP) soluble starch fragments which would otherwise precipitate on addition of IMS; or direct action of AMG on RS. This aspect is discussed later.
Incubations in which the tubes were shaken, rather than stirred, were performed using a Grant Instruments shaking water bath OLS 200. Incubation tubes were attached horizontally in the bath and aligned in the direction of motion. Speed settings were such that the sample was continually suspended. The effect of varying the shaking speed on the determined level of RS of a number of samples is shown in Table 1 . In general, increasing the shaking speed from 140 through 200, to 260 strokes/min resulted in a small decrease in the RS values, e.g., about 5% for potato starch. The change in RS value for potato starch is consistent with the reported fragility of potato starch granules and is consistent with the very low RS values obtained for potato starch when the samples were stirred rather than shaken ( Table 2) .
The effect of added AMG on the determined levels of RS, soluble starch fragments (plus glucose) and free glucose, on hydrolysis of HAMS and RMS by pancreatic α-amylase in shaking-tube experiments, is shown in Figure 4 . Consistent with results obtained from stirred-tube experiments, a level of AMG of 8 U/test was sufficient to ensure complete hydrolysis of soluble starch fragments to glucose. As the concentration of AMG increased from 0 to 8 U/test, the measured RS for HAMS reduced from 64 to 43%. Increasing the AMG concentration from 8 to 30 U/test gave only a slight further reduction in the measured RS level, to about 42%. This result is in general agreement with that obtained in the stirred-tube experiments, where the measured RS value also showed little change over the AMG concentration range of 8-30 U/test.
A comparison of the effect of stirring and shaking on the time course of hydrolysis of HAMS and RMS by pancreatic α-amylase (10 mg/mL) in the presence and absence of AMG (12 U/assay) is shown in Figure 5 . Reactions were terminated by addition of IMS. In all cases, consistently lower RS values were obtained for samples when AMG was included in the incubation. Furthermore, higher values were obtained when sample tubes were shaken rather than stirred.
RS is crystalline and difficult to dissolve. Solvents used to dissolve this material include DMSO and 2-4M KOH. We critically evaluated methods and solvents for the dissolution of the RS that occurs in the washed pellets obtained in Assay Formats A-D. In most cases, DMSO completely dissolved RS. For 2 materials, potato amylose and Novelose 330 (17), this was not the case. In contrast, the RS in all samples studied was completely dissolved by stirring the pellet in 2M KOH in an ice-water bath for 20 min (conditions used by several authors). On neutralization, it was essential to rapidly hydrolyze this starch to avoid recrystallization, which would again render the starch resistant to hydrolysis by AMG. To achieve this and to simplify neutralization, a concentrated sodium acetate buffer (1.2M, pH 3.8) was added, followed immediately by AMG (320 U/test).
To determine the effect of maltose inhibition on the hydrolysis of starch by pancreatic α-amylase, and thus on the determined level of RS, several experiments were performed. In an experiment using Assay Format A, the measured level of RS in RMS increased >100%, from 9% dry weight basis (dwb) to 20% dwb, in the presence of added maltose (100 mg/test; Table 3). The increase with HAMS and other samples with high levels of RS were much smaller, but still significant (about 2-3% dwb). This apparent maltose inhibition effect was further studied using a specific yeast maltase (α-glucosidase) enzyme. This enzyme is highly active on maltose and maltotriose, but has no action on soluble starch. In preliminary experiments, this enzyme could not be used in conjunction with the crude pancreatic α-amylase that is used routinely in the RS assays (pancreatin preparation), as this preparation contains an active protease which rapidly hydrolyzes and inactivates the maltase. This problem was resolved by using a pure (crystalline) pancreatic α-amylase (Sigma Cat. No. A-2643), in the presence of which the maltase was very stable for at least 6 h (activity loss of <40% on incubation at 37°C for 6 h). RMS and HAMS were incubated with stirring (Format A) with this pure pancreatic α-amylase, with and without added maltase, and the RS values were determined. RS values were lower (about 5-8% dwb) when maltase was included in the incubation mixture (Table 4 ). These results confirm that maltose causes some inhibition of pancreatic α-amylase and results in higher measured RS values, particularly for RMS. However, the results from the maltase experiments only partially account for the significant differences in measured RS values in the presence or absence of AMG at 8 U/test. This point is clearly demonstrated from the results in Table 5 , where RS values for HAMS were determined with Format C (shaking) using pure or crude pancreatic α-amylase with AMG or maltase. Higher RS values were obtained with the shaking format (Table 5 ) than with the stirring format (Table 4) , consistent with other results. Using either pure and crude pancreatic α-amylase in the presence of AMG, similar RS values were obtained, confirming that the purity of the α-amylase was not an issue. With pure α-amylase, the measured RS value was lower if maltase was present in the incubation mixture, demonstrating Table 2 . RS values were consistently lower when AMG was added to the incubation mixture. When incubation tubes were shaken, the determined levels of RS were consistently higher than when tube contents were stirred. The most dramatic differences observed between shaking-and stirred-tube experiments were for native potato starch. When incubations were performed in a shaking water bath, RS values of 73-79% were obtained, whereas values of just 4-8% were observed for samples stirred with a magnetic stirrer bar. This is consistent with the reported fragility of potato starch granules. This behavior is particularly pronounced for potato starch, but is also significant for banana starch (Table 2) . With other native starch granule materials, namely HAMS, HAMS (CO-347), and Hylon VII, significantly different RS values were also obtained between the shaking-and stirred-tube formats (Table 2 , Formats B and D). This was also observed for Novelose 240, consistent with scanning electron micrographs of this starch (15) which showed very similar features to Hylon VII. For retrograded high amylose containing starch materials (e.g., Novelose 330, Hi Maize 1043, and CrystaLean), the differences obtained with the 2 formats were not so marked, yet still significant (Table 2 ). Format C, as described here, is quite similar to the method of Goni et al. (11) . The major difference is that, in Format C, the reaction is terminated with IMS, and the pellet obtained by centrifugation is washed with 50% IMS, instead of water, as used in the Goni et al. method (11) . The major advantage of using IMS precipitation and the inclusion of IMS in the wash solution is that a firm pellet is obtained by centrifugation, and the centrifugation time can be safely reduced to 10 min. With water washing, a centrifugation time of 30 min is required to ensure no loss of the pellet when the supernatant is decanted.
The results obtained with the 4 assay formats show that the data obtained with Assay Format D are in best agreement with currently available in vivo data (Table 6 ). These results are also in good general agreement with other published data on RS values (18). This is not surprising, as most methods are now standardizing the use of pancreatic α-amylase, inclusion of AMG, and a shaking-tube format. In Table 6 , RS values for starch material supplied by Cerestar (ActiStar) are shown. All data shown for ActiStar was supplied by Bernd Kettlitz of Cerestar (Vilvoorde, Belgium) except for the value with Format D, which was obtained in-house. There is good agreement among all methods and the values are in close agreement with in vivo data.
The reproducibility of Assay Format D was studied using 6 samples analyzed in triplicate on 4 separate days. Results demonstrate that within-day repeatability and between-day reproducibility is very good ( Table 7) . The major advantage of the currently recommended format (Format D) is that all potential variables have been evaluated in detail, resulting in a well understood, easy to use, and robust assay method.
In some published methods for the assay of RS, fresh samples were subjected to chewing before analysis. This step was excluded from the current formats because chewing is a very subjective procedure and varies significantly from person to person and, possibly, for a single person throughout a day. For fresh samples, we used a commercially available, hand-operated meat mincer with a 4.5 mm screen. Fresh samples were either analyzed directly, or lyophilized before analysis. All results are reported on a sample dry weight basis. However, because the method allows measurement of both RS and total starch (by summing RS and soluble starch materials), results can also be presented as a percentage of total starch (Table 6 ).
In the digestive process, foods are subjected to protease (pepsin) hydrolysis in the stomach at about pH 2.0, before they reach the ileum where starch is hydrolyzed. Some authors have simulated this step in in vitro assays by including a pepsin pretreatment step because, in certain samples high in protein, such as beans, the protein may partially encapsulate the starch, restricting its hydrolysis by amylolytic enzymes. To evaluate the significance of this effect, we analyzed several high protein samples using Format D, with or without a pepsin pretreatment step (Table 8) . Results clearly demonstrated that the protease pretreatment step had an insignificant effect on the determined RS values, perhaps because the pancreatic α-amylase preparation used in these assays contains an active protease (trypsin, 50 mU/mg; chymotrypsin, 325 mU/mg pancreatic α-amylase preparation), which is probably adequate to release starch from the protein matrix over the incubation period.
Conclusions
In the current study, we critically evaluated many of the parameters that are likely to affect the determined levels of RS in samples. Our aim was to develop a simple, reliable, and robust procedure that would yield RS values in line with published in vivo data. We attempted to imitate in vivo conditions as much as possible, while maintaining a user-friendly format. Steps included in previously published methods, if found to have no significant effect on results, were removed. One such step is pepsin treatment of the sample. This treatment is included in the methods of Muir and O'Dea (9) and Goni et al. (11) , but our studies (Table 8) showed that such an incubation step had no effect on the determined RS values, thus it was not included. It has been suggested that such treatment may help release starch that is physically encapsulated in protein (11) , but even those results showed that the effect of pepsin treatment on the measured RS was, at most, marginal. We believe that the pepsin treatment had little effect on the determined RS val-ues (even for legume seeds) because the crude pancreatic α-amylase used in the test contains active proteases.
The current procedure yields RS values that are generally in good agreement with those obtained by Goni et al. (11) ; however, in our hands, the reproducibility was better. We attribute this to the use of alcohol precipitation, and inclusion of alcohol in the washing steps, which resulted in a firm pellet on centrifugation, thus minimizing losses while removing the supernatant. AMG was included in the incubation mixture to more closely simulate in vivo conditions, wherein maltosaccharides and soluble starch are hydrolyzed to glucose and absorbed. Inclusion of AMG required the choice of an incubation pH of 6.0 instead of pH 6.9, which is closer to the physiological value, to ensure that the AMG was active (about 20% of the activity at pH 5.2). This pH change had minimal effect on activity of pancreatic α-amylase, or on its stability at 37°C. Many of the published assay formats for RS involve incubations at pH 5.0-5.2 (6, 7) . However, at this pH, pancreatic α-amylase has a low activity (8% of maximum) and is rapidly inactivated (95% in 1 h at 37°C).
The importance of RS as a dietary fiber component has been recognized for over 20 years. However, for inclusion in nutrient tables, there is a need for a simple, reliable, and robust assay that yields results in line with in vivo data. We believe that the method described here meets these requirements. To verify this, an interlaboratory evaluation of the method under the auspices of AOAC INTERNATIONAL has been performed (First Action Method 2002.02).
Current AOAC INTERNATIONAL procedures for the measurement of total dietary fiber measure some RS in a sample. This is precisely why a specific and quantitative test is required. However, if a specific test for RS is adopted, some modifications to AOAC total dietary fiber methods will be needed to ensure complete removal of all starch. This modification will most probably involve pretreatment of the sample with DMSO or KOH to ensure complete solubilization of the starch before α-amylase treatment (19, 20) . The choice of the pretreatment step will be dictated by the effect of this step on other dietary fiber components.
